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Abstract 
The aim of this study was to evaluate the bioactivity response of alumina (Al2O3) coated scaffold for bone tissue engineering 
(BTE) applications. The porous alumina (alumina foam, AF) was coated with hydroxyapatite (HA), with bentonite 
(Al2O3.4(SiO2).H2O) as an intermediate layer between HA and alumina. Bentonite acted as binding agent to improve the 
alumina-HA coating, with hope that excellent coating with HA will have a positive effect on subsequent cellular efforts, with 
alumina responsible for just the scaffold strength. In brief, AF has been fabricated with acceptable properties (i.e., porosity 
>80%, compressive strength >3 MPa, average pore size of 900-1000 µm) through polymer foam replication (PFR). After AF 
fabrication, initially, the AF was dipped into HA slurry and sintered at 1300 ºC to make HA coated AF (HACAF) scaffold. Due 
to poor uniformity of HA coating on the AF, the alumina foam was first dipped into bentonite slurry and sintered at 800ºC before 
coated with HA, creating HA-bentonite coated AF (HABCAF). It was shown that with an inner-coat of bentonite (on AF), the 
HA coating was smoother, more uniform and more complete/thorough. The in-vitro degradability was conducted using simulated 
body fluid (SBF) as a preliminary study to evaluate bioactivity response for each sample (i.e., AF (as control), HACAF, 
HABCAF). The weight loss of the HACAF is quicker compared to HABCAF and are seen increased with longer soaking time. 
The ions particle precipitations were found on surface layer after 7 days for coated alumina compared to alumina skeleton. The 
result suggested that HABCAF offers an attractive option for fabrication of BTE scaffolds. 
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1. Introduction 
Bioactive materials such as hydroxyapatite (HA), tri-calcium phosphate (TCP) and bioactive glass have been used 
widely in biomaterials application due to their ability to interact with tissues and promote osteogenesis (bone 
growth). Furthermore, HA especially, is known to exhibit specific biological response from HA carbonate formation 
(CHA) (Ca: P 1.67), that amplifies bone formation at the interface of implant materials1–3. However, the brittle 
nature of commercial bioactive materials made of HA, resulted in low mechanical attributes. Therefore, HA and 
TCP were used as coating materials on bioinert substrate interface to promote biocompatibility properties. Bioinert 
materials such as zirconia, alumina and metals were established for load bearing application where it provides high 
strength to implant materials. As example, alumina offers high strength to porous implant materials 4. Alumina 
coated with HA has been worked on since 1995, and it was undoubtedly proven the HA coated alumina scaffold 
promotes bone bonding interaction 5–7. However, there scarce proof concerning to the reactions of HA coated 
alumina soaked in simulated body fluid (SBF), and how this may perhaps influence the formation of CHA.  
 
SBF immersion study is an effective method to evaluate bioactivity by degradation mechanism (weight loss 
analysis), apatite formation on material surface and calcium to phosphorus ratio (Ca:P). The formation of apatite 
layer on the surface of biomaterials (during SBF immersion) is believed to start with dissolution, followed by 
nucleation and growth. The dissolution happens for Ca, PO4, and OH ions, after a certain incubation period  
resulting in the increase of local super-saturation, that promotes apatite precipitation on interface of materials 8–10. 
According to Gremillard and co-workers, typical immersion times for apatite formation in SBF are 1 day for 
Bioglass, 5-7 days for A-W, 14 days for TCP and 28 days for HA 11,12. Clearly, the dissolution rates are dependent to 
immersion time. It is reported that increasing immersion time has significant effect on apatite layer thickness and 
compressive strength of scaffold8,13,14, although the rates will deteriorate as well in time. Besides that, the reactivity 
of HA is reduced with higher sintering temperature (>900ºC), which in turn, affects the formation of CHA15. Thus, 
in this study, we are looking at the distribution HA coating on alumina substrate, focusing on CHA formation. The 
comparative result between HA coated AF (HACAF) and enhanced with bentonite (HABCAF) soaking in SBF after 
14 days is also reported in this paper, to suggest suitability of scaffold usage for BTE applications.   
2. Experimental Work 
2.1 Fabrication of alumina foam (AF) scaffold with optimum properties 
 
The optimization of alumina foam properties (AF), (i.e., porosity, pore size, compressive strength), to three 
responses (i.e., compressive strength, porosity, pore diameter), was based on the face-centered cube (FCC) design, 
with a response surface method (RSM). In DOE experimental plan, the factors were investigated at three levels, i.e., 
+1 (high), 0 (center), -1 (low). The factors are, different number of pores (ppi number), composition solid to water 
ratio, and number of coating. The alumina powder (50%, 60% and 70%) was mixed with deionized water and 5% 
polyvinyl alcohol to made alumina slurry. Different ppi number of PU foam (15, 20, 30), were impregnated at 
various number of coating times (1x, 3x, and 5x). Each sample was squeezed adequately to remove any excess 
slurry, preventing blockage of pores by excess alumina slurry. Then, the impregnated foam is sintered at 1600 ºC 
after drying for 24 hours in an oven at 80ºC. The surface morphology was characterized by field emission scanning 
electron microscopy (FESEM) incorporated with an electron dispersive X-ray (EDX). The porosity of each sample 
was estimated by determining suspended and saturated weights (as per Eq.1).The compressive strength was 
analyzed using universal testing machine (Instron 5882, USA) and was calculated using Eq.2.  
 
Porosity, PO =ሺWc Ǧሻ/(Wc - Wb)ሺሻ   (Eq. 1) 
where  Wa = weight of the sample in air,  
Wb = weight of sample suspended,  
Wc = weight of the saturated sample; 
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ߪ  = Fmax /A       (Eq.2) 
where;   σ  = compressive strength  
 Fmax = maximum load applied 
 A = surface are of the sample.  
 
2.2 Fabrication of HA coated alumina foam (AF) scaffold 
 
AF coated with hydroxyapatite (HA) was prepared in two steps; (i) optimal AF was coated with bentonite first, 
sintered, and later with HA (HABCAF) and sintered again, and (ii) optimal AF coated with just HA (HACAF), and 
sintered. Similar slurry preparation was used, the HA (Sigma Aldrich) slurry was prepared at 1:6 compostion solid 
to deionized water ratio, with 5% PVA as binding agent. Mixture of bentonite, was milled at ratio of solid to ethanol 
of 1:1.5. The AF was dipped into bentonite slurry for 5 min and dried in an oven (80ºC for 24 h) before sintered at 
800ºC. Subsequently, the obtained scaffold was dipped into HA slurry and sintered at 1300ºC for 2 h as soaking 
time to produce HABCAF. The coating creating HACAF, meanwhile, was conducted in the same way by 
impregnating the AF onto HA slurry. The samples was dried for 24 hours in an oven (80ºC) before sintered at 
1300ºC. Additional processing details are describe elsewhere 16. The reactivity of  different HA coating on AF were 
evaluated by the following procedure of SBF immersion.   
 
2.3 SBF Immersion 
 
The SBF solution was prepared by mixing sodium chloride (NaCl), sodium hydrogen bicarbonate (NaHCO3), 
potassium chloride (KCl), calcium chloride (CaCl2), di-potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), 
and magnesium chloride hexahydrate (MgCl2.6H2O) in deionized water (DI) as described in a number of literature 
2,3,17. Next, the solution was neutralized to physiological solution physical standard (i.e., pH 7.25 at 37ºC) using 
hydrochloric acid (1.0 M HCl) and trizma (C4H11NO3). For the SBF immersion study, the AF, HACAF, and 
HABCAF were immersed in SBF solution for period of time. The immersion range time was done in 3 days (d), 5d, 
7d and 14d to observed dissolution behavior of Calcium (Ca) and phosphorus (P) by weight loss, formation CHA on 
surface layer scaffold and Ca/P ratios of each sample. After immersion, the sample was dried in a vacuum desiccator 
for 24 hours before being characterized (physically and chemically). The percentage of weight loss (WL) was 
calculated based on Eq.3 as follows. The formation of  CHA layer was observed using scanning electron microscope 
(SEM, Carl Zeiss 35vp) incorporated with energy dispersive X-ray (EDX), while Ca/P ratio calculate by X-ray 
fluorescence (XRF) result.  
 
Weight Lossሺ%ሻ, WL= Initial Weight
ሺWiሻ-Weight after immersion (Wf)
Initial Weight (Wi)
ሺǤ ͵ሻ 
3. Result and Discussion 
Optimizing the alumina scaffold through statistical approach (Design of Experiment, DOE), revealed a good 
agreement between experimental values and the predicted model. Statistical calculations showed that three factors 
(i.e., number of ppi of PU foam, composition alumina suspension, and number of coating) having probability values 
(p-value) of less than 0.005, implying that the model terms are significant. The relatively high R-squared value of 
95.98% (which is higher than 90%) indicated that the model predicted fits well with the experimental results 
obtained. Based on overlaid contour plot (Fig. 1), the unshaded area suggests the fulfilled conditions (satisfying all 
responses), if the standards are set as: compressive strength is higher than 2MPa, porosity percentage in range 
between 70%-100% and the pore diameter being larger than 100µm.   
 
The idea of coating AF with HA was conceived due to HA’s ability to induce bone formation ectopically, and HA’s 
more osteoinductive nature compared to alumina. Initial effort to coat AF with HA showed one staggering find. It 
seems that the coating is incomplete and is only in ‘patches’. We explored the possibility of having a ‘binder’ 
between the HA and AF surfaces, and introduced a bentonite layer. With addition of bentonite in the middle, it was 
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shown the HA coat was distributed well on the scaffold struts compared to direct coating of HA (Fig. 2). Bentonite 
promoted good adhesion between HA and AF.  
 
 
Fig.1. Overlaid contour plots of combined responses (Strength, Porosity and Pore Diameter); a) function of number 
of pores (X1) and composition ratio (X2); b) function of number of pores (X1) and number of coating (X3); function 





Fig. 2. SEM micrographs of (A) layered hydroxyapatite-bentonite coated alumina foam (HABCAF); (B) 
hydroxyapatite coated alumina foam (HACAF) 
 
One of evaluation of biocompatibility is done by measuring the degradation rate of each sample. The degradation 
rate of AF, AF coated with HA (HACAF), and AF coated with bentonite and HA (HABCAF) were measured in 
terms of their weight losses. Fig. 3 shows that all samples dissolved after immersion in SBF solution; arguably 
however, the weight loss rates are significant up to approximately 7 days for all three samples. The results that is 
obtained in this study for AF and HACAF is similar to what was reported in literature 5,18. However, our results 
indicated that addition of bentonite significantly reduces weight loss in SBF soaking. The reason might be related to 
the changes of percentages ions calcium (Ca) and phosphorus (P) as shown in Fig. 4. The percentage of ions (Ca and 
P) seems to be raised at some point, before dropping, and increased again due to new particles deposited on the 
scaffold. Among the three scaffolds, alumina showed an increase from 0% of Ca ions to 0.07%, indicating the 
lowest particle deposition rate. Coated AF (with or without bentonite) showed ion precipitation, and both forms 
Ca/P ratios <1.67 which suggested a form of calcium-deficient hydroxyapatite. As reported in literature, the Ca/P 
ratio is dependent on immersion times, and the typical immersion times for Ca/P = 1.67 for HA is 28 days 11. The 
Ca/P ratio is found to be not less than 1 however, thus indicating suitability for biological implantation 19.  
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Fig.3. Weight loss percentage of porous alumina coated; AF, HACAF and HABCAF after soaking in SBF solution 





Fig.4. Weight percentage of calcium and phosphorus and Ca/P weight ratios obtained by X-ray fluorescence; AF, 
HACAF, and HABCAF. 
 
With increasing the immersion time, a new corrosion product was deposited on the interface of porous alumina after 
14 days soaking in SBF solution.  As shown in Fig. 5, scaffold surface exhibited signs of precipitation due to 
accumulation of ions from the SBF solution. When the degradation continues, precipitation layer will became 
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(OH- and PO4
3-) are responsible for the precipitation of carbonate apatite on the surface of scaffolds similar to this 
case 21. Typically, negative ions are attracted to positive ions (Ca2+) from the SBF solution, causing the scaffold 
surface to gain positive charge, resulting in CO3
- apatite formation 22.The obtained result (Fig. 5) showed 
precipitations of Ca appeared on the surface of alumina after 14 days of soaking. With HABCAF, the formation of 
Ca precipitates increased and covered the whole surface after 7 days compared to HACAF. The result indicates the 
alumina has perhaps poorer bioactivity compared to HA and HA+bentonite.  
 
 
Fig. 5. SEM images of AF and coated AF after soaking in SBF: (a) AF after 14 days (b) HACAF after 7days (c) 
HABCAF after 7 days. 
4. Conclusion 
Precipitation is observed to be more prevalent on HABCAF surfaces after soaking in SBF. The formation of 
apatite covered the surface of scaffold with longer immersion time. The study also suggested that bentonite 
enhances the growth of Ca and P layer, but reduces degradation rate.     
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